Abstract: This paper presents an advanced integrated controller design for military vehicle slow-active suspension system and anti-lock brake system (ABS) considering the effect of the suspension components non-linearity on the braking dynamics. The presented investigation is applied to a quarter vehicle model using the Magic Formula tire model and the actual characteristics for suspension damper (throttle valve) and spring (gas spring). The suspension controller is designed based on LQR using a linearized vehicle model and the ABS controller is designed based on ON/OF control methodology using tire skid ratio of 15% as a reference value. The mathematical derivations as well as the control techniques are numerically implemented in MATLAB environment. Several simulation results are carried out considering typical performance measures such as stopping time, stopping distance and vehicle body vertical acceleration. The results illustrated that, the integrated controller reduces the stopping distance on different road surfaces and therefore improves the braking performance to avoid or reduce the impact of vehicle accident.
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Introduction
The military vehicles are regularly working on different terrains and thus needs high stability and safety during all operating conditions [1, 2] . The active suspension systems and anti-lock brake systems (ABS) are the vehicle chassis controllable systems which affect vehicle dynamics, stability and safety. Much research has been carried out to design different active suspensions as well as ABS systems using different control theories to improve the ride comfort and braking performance [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] . The controllers of these chassis controllable systems are designed based on an individual manner ignoring their interaction in practice. Recently [13] [14] [15] , more attention is given to design an integrated controller for the so called slow-active suspension and ABS systems considering the dynamic coupling between them through the tire/road interaction forces.
The motivation of the presented research arises from the fact that, the tire forces in longitudinal direction -either due to traction or braking -are fundamentally regulated by the available adhesion potential at the tire-ground contact patch. This potential is dependent upon the road friction (μ) and the tire imposed vertical force. Sequentially, this tire vertical force is predominantly restricted by its vertical oscillation which is highly controlled by the properties of the suspension system. The presented paper exploits the aforementioned philosophy in favor of both ride and braking dynamics.
The details of the modelling basis are reported by the authors in [14] including an integrated control system of anti-lock brake system (ABS) and linearized slow-active suspension system. A linear optimization technique was followed to improve the ride dynamics in terms of suspension working space, body vertical acceleration and tire dynamic normal load.
In this paper, the reported initial approach is extended by inclusion of non-linear slow-active controlled suspension system characteristics. Additionally, the controller is designed based on the optimal control theory; taking into account changes in vehicle speed during the braking process. The suspension controller feedback gains are selected to minimize variations in tireroad normal forces. The system optimization based on the linear optimal control theory is carried out only for the linear system and the calculated feedback gains are used in both linear and non-linear cases. The ABS controller is designed to control the skid ratio by a proportional directional valve with a time delay of 0.1 sec.
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Non-Linear Suspension System Model

Equations of Motion:
A quarter vehicle model is employed to correlate the vehicle ride dynamics due to vertical oscillations and the vehicle performance in the longitudinal direction due to the application of brakes as depicted in Fig. 1 
With the hydro-pneumatic based systems, active control is exercised by regulating the volume of oil which flows into or out of the strut. This system uses a low bandwidth proportional directional control valve. The fluid pressure is generated by a hydraulic pump with accumulators providing transient flow requirements above the average. For a slow-active suspension system, the suspension force   S F is calculated as follows:
Where   ' '
Additionally, the dependency of the pressure drop across the throttle valve   
2.2The Flow Control Valve
The non-linear characteristics of the flow control or throttle valve used in this paper is based on a typical valve type DV20-1-10/M which is produced by REXROTH Ltd [6] . The valve characteristics for different throttling positions is shown in Fig 2 . and are given by:
Due to the large variation in the strut pressure from static equilibrium value, the gas spring, throttle valve and proportional directional control valve can no longer be considered as linear, see Fig 3. To incorporate the non-linearity of these components their equations require some small changes. The change of the pressure and volume of gas depend on the volume of the fluid that displaced into, or withdraw from the gas spring according to adiabatic gas law as follows:
Considering equations (5) and (9), equation (4) can be rewritten as follows:
V is the volume compressed by the fluid displaced into the gas spring and is given by:
Where   A V is fluid volume, which passes into the suspension system through the valve. 
The error is given by the following equation:
Proportional Directional Control Valve
The control valve is modeled using a standard relationship in which the flow rate   AD Q is proportional to the pressure drop   V P  across the valve from supply to strut or from strut to atmosphere. Therefore, the valve supply voltage
Accordingly, the demand flow rate AD Q is given as follows:
V P  , is given in bar as follows:
The supply pressure used in this work   It is a complicated task to calculate the feedback and feed/forward gains using the linear optimal control theory for this non-linear system. Therefore the system optimization based on the linear optimal control theory is carried out only for the linear system and the calculated feedback and feed/forward gains are used in both linear and non-linear cases.
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Anti-lock Brake System Controller Design
The detailed modelling work of the Anti-lock Brake System is presented by the authors in [14] , for the purpose of completeness of this paper; the modelling work can be summarized as follows:
The Longitudinal Dynamics
Referring to 
Also the following equations are derived:
The Pacejka's Magic Formula is used to estimate the barking force   x F at the tire-ground contact patch, more details can be found in [14] . The formula relates the percentage of wheel skid ratio The tire braking force versus skid ratio is simulated for the model with and without suspension as shown in Fig. 5 . It is obvious that, the potential of fluctuating tire dynamic load and braking force accordingly is increased when the suspension system features are considered. This result conforms to the well-known fact that, the design of suspension system is highly affect the dynamics of forces at the tire ground contact area in both vertical and longitudinal directions. This effect should be carefully considered whenever the stability of the vehicle during braking maneuver is a prime of interest. On the other hand, it is expected that the ride comfort will be significantly affected in an adverse manner. 
The ABS Controller
The proposed control strategy combines a separate controller for the anti-lock brake system and a non-linear slow-active suspension system with a governing algorithm to coordinate the two controllers. Fig. 6 shows schematic drawings for the integrated control system comprising a slow-active controlled suspension and controlled ABS brake system. The fundamental function of the ABS control system is to regulate the friction utilization at the tire-ground contact area during braking process [11, 12] . Accordingly, it prevents the tire from excessive skid particularly at higher braking forces. The tire skid ratio is limited by a desired value of 15% to maintain the peak braking force over different levels of road adhesion and tire vertical load. The estimated skid ratio is then compared with the value of the desired skid ratio to produce an error signal. For each value of the error, the controller returns 1 if the value is greater than zero and hence the pressure is increased, returns 0 if the error equals zero and hence the pressure remains unchanged, and -1 if it is less than zero, and hence the pressure is reduced. On the other hand, according to the signal of the vehicle speed, the suspension controller modifies the feedback gains to minimize the fluctuations of tire normal force. The angular speed of the tire, deceleration, vehicle speed and hydraulic pressure of the brake fluid are measured from several sensors in order to estimate the tire skid ratio.
According to the demand hydraulic pressure   
Road Profile
It is widely recognized that the road surfaces approximate to Gaussian random processes, having a power spectral density (PSD) of the form:
R is the road roughness coefficient (see Table 1 ), V is the vehicle speed (m/sec), f is the road excitation frequency (Hz), n is an exponent with a recommended value of 2.5.The road input is represented as linear filtered white noise process by the following first order differential equation in time domain:
 is the cut-off frequency wave number =0.005 (cycle/m),
 
V is the vehicle speed [6] .
Results and Analysis
The derived integrated control algorithm as well as the proposed optimization technique is implemented using the MATLAB package. For the purpose of performance comparison, several simulation results have been reported incorporating Anti-Lock Braking system with passive suspension system and non-linear slow-active suspension system. For the braking performance evaluation, several measures are used such as the vehicle forward speed, the wheel rotational speed, the braking pressure, the tire skid ratio and finally the stopping distance. Other important results such as the effect of the road roughness coefficient and the coefficient of adhesion on the braking performance are also considered for both systems. In carrying out these calculations, the numerical values of the vehicle main parameters are used and given in Appendix (I). The results of simulation are illustrated in Figs. 7-13. The initial speed of the vehicle is 100 Km/h (27.8 m/s) and the brake pedal is applied while driving on a wet road with minor roughness coefficient   The integrated controller monitors both vehicle and wheel rotational speed sensors at all times. Therefore, it regulates the braking pressure to the wheel cylinder up and down, Fig. 11 , according to the desired skid ratio as shown in Fig. 10 . As a result, the wheel is prevented to excessively lockup and thus decelerates at similar rate to the vehicle body. A comparison between the integrated system and the different suspension systems with ABS are indicated in terms of the stopping time and the stopping distance as shown in Table (1) .
Paper: ASAT-16-083-ST Table ( To investigate the improvements afforded by the proposed system, Fig. 9illustrates the outcomes of implementing the integrated control system in comparison to a conventional ABS fitted with other suspended systems. The evaluation is carried out in terms of the stopping distances for all systems, it could be seen that the braking distance of different suspension systems is differs due to changing of dynamic tire load which lead to changing in normal force and from the beginning of this chapter the braking force is changing linearly with normal force and off course inversely with braking distance. The analysis of this figure shows that the nonlinear-passive suspension system is the highest braking distance and linear slow-active suspension system is the lowest one. 
Conclusions
A nonlinear mathematical formulation for a quarter vehicle model has been derived to study the effect of non-linear components of slow-active suspension on both ride and braking dynamics. The coupling between both systems dynamics is arises from the dynamic normal load at the tire/terrain contact area. An integrated controller is designed to minimize the dynamic tire load and maximize the maximum tire/terrain brake force. For this purpose, two controllers, slow-active suspension controller and anti-lock braking system controller, are combined together to the so called integrated controller. It has been illustrated that, the integrated controller reduces the stopping distance on different terrain conditions considering the suspension system components nonlinearities. And, therefore improves the braking distance to avoid or reduce the impact of vehicle accident. The proposed controller is suitable for enhancing the vehicle mobility during traction by controlling the tire/road interaction forces and preventing the physical fatigue of the driver due to vehicle vibration. 
